• Background and Aims Models of plant three-dimensional (3-D) architecture have been used to find optimal morphological characteristics for light capture or carbon assimilation of a solitary plant. However, optimality theory is not necessarily useful to predict the advantageous strategy of an individual in dense stands, where light capture of an individual is influenced not only by its architecture but also by the architecture of its neighbours. Here, we analysed optimal and evolutionarily stable biomass allocation between the lamina and petiole (evolutionarily stable strategy; ESS) under various neighbour conditions using a 3-D simulation model based on the game theory.
• Background and Aims Models of plant three-dimensional (3-D) architecture have been used to find optimal morphological characteristics for light capture or carbon assimilation of a solitary plant. However, optimality theory is not necessarily useful to predict the advantageous strategy of an individual in dense stands, where light capture of an individual is influenced not only by its architecture but also by the architecture of its neighbours. Here, we analysed optimal and evolutionarily stable biomass allocation between the lamina and petiole (evolutionarily stable strategy; ESS) under various neighbour conditions using a 3-D simulation model based on the game theory.
• Methods We obtained 3-D information of every leaf of actual Xanthium canadense plants grown in a dense stand using a ruler and a protractor. We calculated light capture and carbon assimilation of an individual plant when it stands alone and when it is surrounded by neighbours in the stand. We considered three trade-offs in petiole length and lamina area: biomass allocation, biomechanical constraints and photosynthesis. Optimal and evolutionarily stable biomass allocation between petiole and lamina were calculated under various neighbour conditions.
• Key Results Optimal petiole length varied depending on the presence of neighbours and on the architecture of neighbours. The evolutionarily stable petiole length of plants in the stand tended to be longer than the optimal length of solitary plants. The mean of evolutionarily stable petiole length in the stand was similar to the real one. Trade-offs of biomechanical constraint and photosynthesis had minor effects on optimal and evolutionarily stable petiole length.
• Conclusion Actual plants realize evolutionarily stable architecture in dense stands. Interestingly, there were multiple evolutionarily stable petiole lengths even in one stand, suggesting that plants with different architectures can coexist across plant communities.
INTRODUCTION
As light is a source of energy for plants, light capture is critical for survivorship, growth and reproduction in plants. Larger leaf area per plant is one of the most important determinants of light capture, whereas increasing leaf area causes mutual shading among leaves, leading to a decline in the efficiency of light capture. Plant architecture, i.e. the three-dimensional (3-D) structure of the plant, influences its light capture efficiency through spatial distribution of multiple leaves.
Computer simulation is a powerful tool to assess the role of architectural traits in light capture, because we can test how light capture is influenced by the trait using virtual plants with different architectures. Thus far, many researchers have studied relationships between light capture and plant architecture using computer simulations: branching angle (Honda and Fisher, 1978) , leaf shape and length of the internode (Niklas, 1988) , petiole length and lamina shape (Takenaka, 1994) , and so on. Pearcy and Yang (1996) developed a software named YPLANT, which can simulate architecture of any vascular plant species. Pearcy and Yang (1998) analysed the effect of leaf angle and biomass allocation between the lamina and petiole on light capture and demonstrated that actual plants have a nearly optimal architecture that maximizes light capture. Other researchers have also demonstrated, using computer simulations, that plant architecture is nearly optimized for maximization of light capture or photosynthesis in resource-limited environments or for survivorship in stressful environments by avoidance of excess light (e.g. Takenaka et al., 2001; Valladares et al., 2002 : Muraoka et al., 2003 . Recent studies have been conducted to find the ideal plant characteristics (ideotype) that maximize crop yield using functional-structural plant models (e.g. Sinoquet et al., 2005; DeJong et al., 2011; Da Silva et al., 2011; Sarlikioti et al., 2011; Barillot et al. 2015) . Such studies may also contribute to breeding of new high-yield cultivars (Donald, 1968) .
However, from the viewpoint of evolution, an 'optimal' strategy that maximizes light capture or carbon assimilation in a given environment is not necessarily advantageous if the plant is interacting with its neighbours. In a dense stand, light capture of an individual is influenced not only by its architecture but also by the architecture of its neighbours (Hikosaka et al., 2001) .
PART OF A SPECIAL ISSUE ON FUNCTIONAL-STRUCTURAL PLANT GROWTH MODELLING
The 'optimal' strategy may vary depending on the neighbours' strategy, and a strategy that is optimal in a certain stand may allow invasion of individuals with other traits (Hikosaka and Hirose, 1997; Anten, 2005) . Game theory may be necessary to understand advantageous architecture in dense stands where individuals compete with each other for light (Givnish, 1982; Falster and Westoby, 2003; Anten, 2005 ). An evolutionarily stable strategy (ESS) is defined as the strategy that cannot be invaded by an individual with any alternative strategy that is initially rare (Parker and Maynard Smith, 1990 ). Thus far, many authors have investigated the ESS of plant traits such as plant height (Givnish, 1982; Nagashima and Hikosaka, 2011) , clonal growth (Sakai, 1991) , leaf angle (Hikosaka and Hirose, 1997) , leaf area (Schieving and Poorter, 1999; Anten, 2002; Hikosaka and Anten, 2012) , root growth (Gersani et al., 2001) , biomass allocation between organs (Dybzinski et al., 2011) and reproductive allocation (Pronk et al., 2007) . These studies have revealed that an ESS of an individual is not necessarily the same as an optimal strategy that maximizes the production of the total stand, i.e. stand productivity is decreased as a result of resource investment in tissues for competition such as 'the tragedy of common' (Schieving and Poorter, 1999; Anten, 2005 Anten, , 2016 .
These previous studies have successfully analysed the role of plant traits in light competition, but assumed very simplified architecture; for example, leaf foliage is assumed as a cylinder in which leaves are randomly distributed. On the other hand, recent advances in computer powers enabled us to use more realistic 3-D plant models (DeJong et al., 2011; Evers, 2016) . However, as far as we know, no studies have analysed ESS in plant stands using 3-D plant models.
In the present study, we focus on a trade-off in biomass investment between the lamina and petiole. An increase in lamina area may increase area for light capture at the expense of petiole length, which may increase mutual shading among leaves. For solitary plants, it has been shown that there is an optimal biomass allocation between the lamina and petioles to maximize light interception of an individual (Takenaka, 1994; Pearcy and Yang, 1998) , but advantageous allocation under competition has not been considered yet. Thus, the objective of our study is to find evolutionarily stable biomass allocation between the lamina and petioles using 3-D modelling.
We also consider the influence of biomechanical constraint on the evolutionarily stable architecture. If a petiole were elongated without changing its thickness, it would bend because bending moment increases, with increasing distance from the lamina acting as the load (Niklas, 1995; Gere and Timoshenko, 1999) . To keep the elevation angle, a petiole needs to be thicker with increases in its length. Evolutionarily stable petiole length may differ depending on whether or not this constraint is considered.
We also consider the influence of trade-off in nitrogen use efficiency for leaf photosynthesis on the evolutionarily stable architecture. Nitrogen is necessary as a constituent of photosynthetic proteins (Evans, 1989) . Increasing lamina area may dilute the nitrogen content per lamina area, leading to a decrease in photosynthetic capacity per unit lamina area. Therefore, greater light capture is not necessarily advantageous due to this trade-off (Hikosaka and Terashima, 1995) . If this trade-off is an important constraint, evolutionarily stable lamina area (or optimal lamina area) differs depending on the criteria of maximization, i.e. light capture and carbon assimilation.
The aim of the present study was to find evolutionarily stable biomass allocation between the lamina and petioles using 3-D modelling. For this, we simulated light capture and carbon assimilation of a plant in a dense stand. We analysed effects of architecture of the target and its neighbours on the light capture and assimilation of the target. The obtained ESS allocation was compared with the allocation in actual plants. We tested the following hypotheses. (1) The optimal biomass allocation between lamina and petiole differs depending on the presence or absence of neighbours. (2) The optimal biomass allocation between the lamina and petiole in a stand differs depending on biomass allocation of neighbours. (3) The ESS of biomass allocation between the lamina and petiole in a competitive stand is different from the optimal strategy in a solitary plant. (4) Constraints of biomechanics and nitrogen use have a significant influence on the ESS of petiole length. (5) Actual plants growing in a dense stand have evolutionarily stable architecture.
MATERIALS AND METHODS

3-D information on plant architecture
To obtain 3-D information on plant architecture, we established stands of Xanthium canadense Mill, which was chosen because of its simple architecture. in the experimental garden of Tohoku University (38°26'N, 140°84'E), where there were no trees that shade the stands except when the solar elevation was very low (i.e. sunrise and sunset). We used seeds obtained from X. canadense plants growing in the garden in 2013, which were offspring of a population near lake Kamafusa (Hikosaka et al., 1999) . Seeds were exposed to 8 °C from 15 to 19 May 2014 and then to 33 °C from 19 to 20 May 2014 on wet paper for vernalization. On 20 May 2014, seeds were sown in pots (1.5 L, 12.5 cm diameter; one plant per pot) filled with a mixture of washed river sand and vermiculite (3: 1). Two potted stands were established: a high-density stand (HD stand; 7 × 7 pots; 64 plants m -2 ) and a low-density stand (LD stand; 7 × 7 pots; 16 plants m -2 ). Pots were watered when necessary, and the lower part of the pot was soaked in water on very hot days to avoid water stress. A 50 mL aliquot of a commercial solution of Hyponex (Hyponex Japan, Osaka; N:P:K=6:10:5 %) diluted 500-fold was supplied per pot once a week from 3 to 9 weeks and twice a week from 10 weeks after germination.
From each of the HD and LD stands, we extracted nine plants in the stand centre (3 × 3) for obtaining 3-D information on 8 and 19 August 2014, respectively. These days were chosen because plant height was close between the two stands. For each of the 18 plants, the 3-D position of the lamina tip, lamina base (petiole tip) and node (petiole base), and lamina surface orientation of every phytomer were determined using a ruler and a protractor according to the manual of YPLANT (http:// prometheuswiki.org/tiki-index.php?page=Studying%20 plant%20architecture%20with%20Y-plant%20and%203D%20 digitising&offset=&sort_mode=hits_desc&atts_show=y). We ignored leaves of lateral branches because the sum of their area was minor (<5 % of total leaf area). All leaves except for leaves of lateral branches were separated into petiole and lamina. The lamina image was scanned with a scanner (Canon, Tokyo) and the area was calculated with software (http://www.agr.nagoya-u.
ac.jp/~shinkan/LIA32/). We determined the fresh mass of the lamina and petiole, and length, width and thickness of petioles for individual leaves. Roots were washed to remove sand. All the tissues were weighed after drying at 70 °C for >3 d.
Simulation
We obtained the 18 simulated plants (nine plants from each of the HD and LD stands) with the YPLANT model using 3-D information (3-D position of the lamina tip, lamina base and node, and leaf orientation for every phytomer) obtained from actual plants (see Fig. 1B for an example of an HD plant). Each of the 18 sets of the 3-D information for an actual plant was assigned to each of 18 simulated plants.
Leaves of X. canadense are roughly pentagonal, so we assumed a pentagon for the shape of the lamina. The leaf factor (the ratio of lamina area to the square of lamina length) was derived from an average of all of the measured leaves.
We established virtual stands: (1) a solitary plant without any neighbouring plants and (2) stands of 7 × 7 plants with a density of 64 plants m -2 (the number and density are the same as in the HD stand). Although only one plant is allowed in the YPLANT model, we made a stand consisting of multiple plants by connecting all the plants with internodes creeping on the ground surface (Fig. 1D ). For (1), we used the 18 simulated plants (nine plants from each stand). For (2), we used the nine simulated plants of the HD plants. One of the nine simulated plants was the centre (the target), and was surrounded by 48 plants. Every simulated plant was used as a centre target, i.e. a simulated plant whose data were not from the centre plant in the actual stand was also used as a centre. For each target, three stands that had different patterns of neighbouring plant composition were established (9 target plants × 3 patterns = total 27 stands). In every pattern, plants adjacent to the target plant were chosen in the same way as in the actual stand if the 3-D information of the adjacent plant is available (for the actual centre plants, data of all the eight neighbouring plants were available, whereas, for the other actual plants, the data of 3-5 neighbouring plants were available). The other plants in the simulated stand were randomly allotted using the nine simulated plants (i.e. there were four or five plants with the same 3-D information in each stand) and three patterns for each target plant were made by the random rotation of the other simulated plants.
Light capture and the carbon assimilation rate of the target plant (solitary or centre plant in the stand) were estimated using the YPLANT model (Pearcy and Yang, 1996) . In brief, the model considers both the direct and diffuse light. For diffuse light, the directional fluxes and absorbed photon flux density were integrated over 160 different directions representing eight azimuth classes and 20 elevation angle classes. Direct light absorption was determined based on the solar track on a day of the harvest (8 and 19 August for high-and low-density plants, respectively) at the latitude of the garden. The model considers mutual shading among leaves; light intercepted by a leaf is reduced if the upper leaves intercept the light. We ignored shading by stems and petioles. Daily light capture of a leaf was calculated as the sum of absorbed direct and diffuse photon flux from dawn to sunset, and the sum of leaf light capture was calculated as light capture of an individual.
The assimilation rate was simulated for the sunlit and shaded parts of leaves separately and then summed to give the wholeplant carbon gain. Environmental dependence of the assimilation rate was modelled based on Farquhar et al. (1980) . In brief, the instantaneous assimilation rate (A c ) is given as follows when ribulose-1,5-bisphosphate (RuBP) is saturated as the carboxylation sites:
where V cmax is the maximum rate of carboxylation, Γ* is the CO 2 compensation point in the absence of day respiration, C i is the intercellular CO 2 concentration, K c and K o are Michaelis constants for CO 2 and O 2 respectively, and R d is the rate of day respiration. When RuBP is limited, the assimilation rate (A j ) is given as follows.
where J is the rate of electron transport, which is given as follows. where J max is the maximum electron transport rate, ϕ r is the initial slope, I is the photon flux density that the leaf receives and θ r is the convexity of the curve. The realized assimilation rate A is the minimum of A c and A j ;
For the basic values of parameters, we adopted values such that the light-response curve of photosynthesis fits to that observed for upper leaves in a X. canadense stand (Matsumoto et al., 2008) : R d , V cmax , J max and ϕ r were 1.214 µmol m -2 s -1 , 360 µmol m -2 s -1 , 480 µmol m -2 s -1 and 0.24 mol mol -1 , respectively. Although photosynthetic characteristics are known to vary depending on light availability and other factors such as leaf age (Hirose and Werger 1987; Hikosaka et al., 1994) , we assumed that photosynthetic characteristics were identical among leaves within an individual for two reasons: (1) incorporating variations in photosynthetic characteristics would make the simulation very complicated and (2) simulation results would become unrealistic because the actual canopy does not realize the optimal distribution of photosynthetic characteristics (see Hikosaka, 2014 Hikosaka, , 2016 . For other parameters, we used default values programmed in the YPLANT model (e.g. 385 µmol mol -1 CO 2 , 20-30 °C air temperature, 1.5 kPa vapour pressure deficit and 1013 hPa air pressure). Daily assimilation was calculated as the sum of net assimilation rates (photosynthesis minus respiration) in a day (from 00.00 to 24.00 h).
We assessed the effect of biomass allocation between the lamina and petiole on light acquisition and assimilation in solitary and stand plants; an increase in lamina area reduces petiole length, leading to a greater area for light capture but a small volume of space that is occupied by the lamina (Takenaka, 1994; Pearcy and Yang, 1998) . For each leaf, we fixed the sum of lamina dry mass (M a ) and petiole dry mass (M p ), and altered biomass allocation between the lamina and petiole. X is the relative petiole length (RPL), i.e. the ratio of the simulated petiole length (Lʹ p ) to the actual petiole length (L p ) as follows:
The X value was common across every leaf in an individual plant. We used three scenarios for the biomass allocation. In the first scenario, we ignored biomechanical constraints; petiole biomass is proportional to the petiole length. In this scenario, dry mass of petiole is given as
If we assume that lamina dry mass per area is constant and lamina shape is similar irrespective of X, simulated lamina length Lʹ a is given as
where L a is the original lamina length and M l is the leaf dry mass (M l = M a + M p ). In some cases, plant architecture was unrealistic; for example, the leaf lamina penetrated the lamina of neighbouring plants. However, we ignored such unrealistic situations for simplicity. The second scenario considers the biomechanical constraint. We assumed that petiole length changes, keeping deflection constant. In this scenario, petioles become thicker with increases in their length. Therefore, petiole length is not proportional to the petiole mass. Lʹ a was derived solving the following equation: 
See Table 1 for the abbreviations and Supplementary Data Methods S1 showing how this equation was derived and how the solution was derived. We assumed that a petiole is a cantilever with a point load due to a lamina. When X was altered, the deflection of a petiole was kept constant. The third scenario considers the investment of resources such as nitrogen in photosynthesis per lamina area. Nitrogen is one of the most limiting resources for plant growth in many ecosystems (Aerts and Chapin, 2000) . We assumed that nitrogen content per lamina is constant; an increase in lamina area dilutes nitrogen content per lamina area, leading to a reduction in photosynthetic capacity (Hikosaka and Terashima, 1995) . Because photosynthetic capacity is almost proportional to the leaf nitrogen content (Evans, 1989; Hikosaka, 2004) , we assumed that the photosynthetic capacity (V cmax and J max ) and respiration rate are proportional to the leaf nitrogen content per lamina area. V cmax in the simulated lamina (Vʹ cmax ) is thus obtained as;
Jʹ max and Rʹ d were similarly calculated. As a result of the formulation, the respiration rate of the whole plant is constant irrespective of the X value because nitrogen content per lamina is constant. The photosynthetic rate per lamina area decreases with increasing lamina area. Other photosynthetic parameters were not influenced by the trade-off. Light capture and carbon assimilation of a solitary plant were calculated for various X values (from 0.1 to 2.0 with a step of 0.1). For the stand, the X value was altered for each of the target and neighbouring plants. We calculated light capture and assimilation of the target plant with an X value, which was surrounded by neighbours that had other X values. We assumed that all the neighbours had the same value. An ESS is defined as the X value that satisfies the following:
where F(X 1 , X 2 ) is daily light capture (or carbon assimilation) per plant in the target plant with X 1 surrounded by neighbours having X 2 , and X* is the ESS (Givnish, 1982; Parker and Maynard Smith, 1990; Anten, 2016) . This ESS is a Nash equilibrium. In the present study, we could not obtain the analytical solution so X was regarded as the ESS if the following was satisfied.
We used 0.1 for the ∆ value when not stated.
Statistics
We assessed the difference between the means of an optimum strategy or an ESS under different conditions using a generalized linear mixed model (GLMM), in which the target plant is treated as a random factor. The Bonferroni test was applied for a multiple comparison. The analysis was performed with R version 3.0.2.
RESULTS
Characteristics of the measured plants
Despite the fact that plants in the LD stand (LD plants) were harvested later, plant height was slightly greater in plants in the HD stand (HD plants) than in LD plants (Table 2) . However, total mass and total lamina area of the whole plant were greater in LD plants. The lamina area of individual leaves was greater in HD plants, whereas petiole length was greater in LD plants. Internode length was higher in HD plants.
Specific leaf area was positively correlated with the leaf length (Supplementary Data Fig. S1a ) but the slope was so small that the specific leaf area was assumed to be constant in the simulation. Lamina area of an individual leaf was almost proportional to the square of the leaf length in both stands (Supplementary Data Fig. S1b ). Petiole thickness was proportional to its width (Supplementary Data Fig. S1c) . The relationship between lamina mass and petiole mass was also almost proportional ( Supplementary Data Fig. S1d) . Figure 2 illustrates the two-dimensional distribution (height and horizontal distance from the stem) of leaves of each leaf order (counted from the top) averaged for the nine actual plants.
Note that horizontal variance in stem morphology and horizontal direction in petioles and leaves are not considered in this figure. Petioles of upper leaves tended to have a higher elevation angle, whereas those of lower leaves were more horizontal. Petiole length was greatest in leaves at middle positions. The tip of the petiole and that of the lamina in HD plants were 5.6 and 12.1 cm apart from the stem on average, respectively. The latter value was close to the minimum distance between individuals (12.5 cm), indicating that laminas were spatially mixed among individual plants in the HD stand. The 3-D information on the plants was used in the simulation. 6.7 ± 2.4 7.9 ± 1.5 Internode length (cm) 4.1 ± 2.1 2.8 ± 1.4
HD and LD plants denote plants grown in high-and low-density stands, respectively.
Means ± s.d. are shown (n = 9).
Height (cm)
Distance from stem (cm) 
Optimal architecture in solitary and stand plants
In the simulation, when HD plants stood alone without neighbours (i.e. its neighbours were removed), the relationship between light capture per plant and relative petiole length [RPL or X in Eqn (5)] exhibited a parabolic curve with a maximum at an intermediate RPL (Fig. 3A) . The optimal RPLs that maximized light capture were found between 0.3 and 0.8, with a mean of 0.57 (Table 3) , which was much shorter than the actual petiole length (RPL = 1). Similarly, the relationship between assimilation per plant and RPL was a parabolic curve (Fig. 3B ) and the optimal RPLs were found between 0.3 and 0.9, with a mean of 0.71 (Table 3) , which was also shorter than the actual petiole length. Figure 3C shows examples of light capture of a target plant (HD plant) that was surrounded by neighbouring plants (HD plants) with a constant RPL = 1. Lines denote different target individuals (one of three patterns was chosen). The lines were not smooth compared with the solitary plants, reflecting the large heterogeneity of the light environment within the stands. In this simulation, light capture per plant tended to increase with increasing RPL of the target (RPL T ) (Fig. 3C) . The optimal RPLs were found between 0.6 and 2.0, with a mean of 1.49 (Table 3 ). The mean of the optimal RPL that maximized assimilation was 1.64 (Table 3 ), indicating that optimal values were longer than the actual petiole length. Thus longer petioles may be advantageous if RPL of neighbours (RPL N ) is fixed. On the other hand, when the RPL value of neighbours was the same as that of the target (RPL T = RPL N ), the optimal RPL for light interception varied from 0.1 to 1.9, with a mean of 0.83 ( Fig. 3D ; Table 3 ). Optimal RPL for assimilation also varied from 0.3 to 2.0, with a mean of 1.11 (Table 3) . These results indicate that the optimal RPL of the target varies depending on the RPL value of its neighbours. This is a situation in which game theory needs to be taken into account for evaluating an advantageous strategy.
Evolutionarily stable architecture
We calculated light capture and carbon assimilation of the target with RPL T being equal to either RPL N -∆, RPL N or RPL N + ∆, which was surrounded by neighbours with RPL N . RPL N is the ESS when the light capture (or carbon assimilation) is higher in the target with RPL N than in those with RPL N -∆ or RPL N + ∆ [Eqn (11) Table 2 for the mean value of all the results.
neighbours' RPL, decreased to 1.1 and then increased thereafter. Relative light capture of the target with RPL N was higher than that of the target with RPL N -0.1 or RPL N + 0.1 about when RPL N was around 0.4, 0.9, 1.2 and 1.3 (arrows), which was considered as the evolutionarily stable RPL (ES-RPL). We tested whether the ES-RPL is sensitive to the ∆ value ( Supplementary  Data Fig. S2 ). The ES-RPL was found to vary depending on the ∆ value, but the result is largely robust irrespective of the ∆ value. Here, we defined ES-RPL as when the light capture (or assimilation) of the target with RPL N was higher than that of the target with RPL N -0.1 and RPL N + 0.1. Figure 5 shows ES-RPLs in the 27 studied stands. The number of ES-PRLs was greater than that of stands because there were multiple ES-PRLs in many stands. ES-RPLs for light capture were found from 0.3 to 1.9, and the frequency was more abundant around RPL = 1.0, with a mean of 1.08 ( Fig. 5A ; Table 3 ). ES-RPLs for assimilation were found from 0.3 to 1.9, with a mean of 1.17 ( Fig. 5B; Table 3 ).
Effect of biomechanical constraints
In the above simulations, we assumed that changes in petiole length do not affect the elevation angle of the lamina. This is an unrealistic assumption; elongating the petiole length without enlarging the petiole thickness would increase petiole bending because of increased bending moment due to lamina mass. To keep the lamina angle irrespective of petiole length, petiole thickness needs to increase with increasing petiole length, which reduces an increment of petiole length by a unit increase in biomass allocation to the petiole. We derived Eqn (8) where biomass allocation between lamina and petiole is a function of RPL with a constant elevation angle (see Supplementary Data Methods S1 for detail). Optimal RPLs for light capture and assimilation in a solitary plant were shorter in the simulations where biomechanical constraints were considered than in those assuming no biomechanical constraint (Table 3) . Similarly, means of ES-RPLs were shorter in the simulations with the biomechanical constraint (Table 3) . However, the difference in the optimal RPL or ES-RPLs between simulations with and without the biomechanical constraint was not significant, suggesting that its influence was minor.
Optimal architecture in the low-density plants
We also calculated light capture and carbon assimilation in LD plants to assess the effects of different architecture. When the LD plants were solitary, the relationships between light interception, assimilation and RPL in LD plants were qualitatively similar to those in HD plants. However, the mean of the optimal RPL for light capture was 0.8 (Table 3) , which was relatively longer than that in HD plants (0.57). This suggests that LD plants have an advantageous architecture in less competitive conditions compared with HD plants. However, this seems to contradict the fact that LD plants had a smaller lamina with a longer petiole than HD plants (Table 2) . We hypothesized that this difference is related to the effect of other architectural traits that are different between LD and HD plants. To test this hypothesis, we further calculated light capture and carbon assimilation in the simulated LD plants whose internode length was elongated 1.46-fold of the actual length, which is the same as the mean internode length in HD plants. Their optimal RPL for light capture decreased to 0.58 (Table 3 ). This result indicates that optimal petiole length increases with reducing internode length. HD and LD plants denote plants grown in high-and low-density stands, respectively. '-BC' and '+BC' denote the biomass trade-off between the petiole and lamina considered without and with biomechanical constraints, respectively. 'Solitary with LI' denotes the optimal relative petiole length in plants from the HD stand with a longer internode length that is comparable with the internode length of plants from the dense stand.
For HD plants, different lower case denote statistical differences in light capture or in assimilation, assessed by a GLMM with Bonferroni test, where the target plant is treated as a random factor (P < 0.05). 
Differences among the optimal strategy and the ESS
When compared between conditions, i.e. four optimal RPLs (solitary with and without mechanical constraints and stands with fixed RPL N and with RPL N = RPL T ) and two ES-RPLs (with and without mechanical constraints), and between light capture and assimilation, the GLMM indicated that there were significant differences in the optimal stategy or ESS between conditions and between light capture and assimilation, but the effect of their interaction was not detected (Suplementary Data  Table S1 ). Multiple comparisons indicated that RPL was shortest in solitary plants and longest in stand plants when RPL N is fixed (Table 3) ; ESSs were intermediate. Incorporating mechanical constraints tended to reduce the optimal strategy or ESS, but the difference was not significant. The optimal RPLs or ES-RPLs were longer in assimilation than in light capture (Table 3 ). The mean value of ES-RPL for carbon assimilation with the biomechanical constraint was closer to 1 compared with other optimal or evolutionarily stable values, suggesting that biomass allocation in actual plants is evolutionarily stable.
DISCUSSION
We addressed five hypotheses in the Introduction: (1) the optimal biomass allocation differs depending on the presence or absence of neighbours; (2) the optimal allocation changes depending on the allocation in neighbours; (3) ESS in the stand differs from the optimum of solitary plants; (4) constraints of biomechanics and nitrogen use affect the ESS; and (5) actual plants realize an ESS.
The optimal RPLs that maximized light capture or carbon assimilation were shorter in solitary plants than in stand plants (Table 3 ). In the absence of neighbouring plants, shading occurs only due to mutual shading by leaves of the target plant. Extension of petioles contributes to a reduction in mutual shading (Takenaka, 1994) , but reduces lamina area and thus light capture as a result of the trade-off in biomass allocation between the lamina and petiole. On the other hand, in stand plants, extension of petioles increases light capture, especially when the RPL of neighbours is fixed, because a lamina with a longer petiole can overtop others (see Fig. 2 ). These results indicate that advantageous architecture differs between solitary and stand plants. The optimal PRL varied depending not only on the presence but also on the architecture of neighbours; the optimal RPL in a stand with a fixed RPL (RPL N = 1) was different from that in a stand in which target RPL was identical to the neighbour RPL (RPL T = RPL N ). When the neighbour RPL is fixed, a longer RPL is more advantageous, whereas its benefit diminishes when the neighbours also elongate their petioles with the target. Light capture of an individual is strongly influenced by the architecture of neighbours; i.e. game theory is indispensable to know the most advantageous architecture in a dense stand.
The ES-RPLs were different from the optimal RPLs for solitary plants and from the optimal RPLs for plants in a stand with a fixed neighbour RPL, suggesting that the ESS is not necessarily identical to optimal strategies. It is notable that the range of ES-PRLs was large (Fig. 5) , and multiple ES-RPLs were found even for a target individual (Fig. 4) . Furthermore, the multiple ES-RPLs were not continuous but dispersed (Fig. 4) . These results suggest that there are multiple ESSs in a stand, which may enable coexistence of plants with different architectures. This may partly explain why many species with different architectures can coexist across plant communities (Silvertown, 2004; Wilson, 2011; Kohyama and Takada, 2012) .
The ES-RPLs were most frequent around RPL = 1.0 (Fig. 5 ). This result suggests that actual plants realize an advantageous architecture in the competitive condition. Plants sense light availability and the presence of neighbours by photoreceptors such as phototropins and phytochromes (de Wit and Pierik, 2016) , and alter their morphology to avoid shading (shade avoidance; Morgan and Smith, 1979; Franklin, 2008) . Arabidopsis thaliana is known to elongate petioles in response to enhanced far-red light or weakened photosynthetically active radiation (Kozuka et al., 2005; Sasidharan et al., 2010) . In the present study, however, petiole length and the biomass allocation between lamina and petiole in X. canadense did not differ between HD and LD plants (Table 2 ; Fig. 2 ; Supplementary  Datta Fig. S1 ). Shade avoidance in X. canadense was found rather in the internode length (Table 2; Fig. 2 ). Therefore, petiole length was not a result of shade avoidance but was genetically determined in X. canadense, probably a consequence of evolutionary selection in a competitive condition. In each situation, optimal RPLs or ES-RPLs for assimilation were slightly longer than those for light capture (Table 3 ; Supplementary Data Fig. S1 ). This is a consequence of the trade-off in nitrogen use in leaves. In the present study, we assumed that the amount of nitrogen per lamina was constant. Greater lamina area is advantageous for light capture but reduces nitrogen content per lamina area and thus photosynthetic capacity per unit area (V cmax and J max ). Therefore, maximizing light capture is not necessarily the optimal strategy or the ESS especially when nitrogen is limiting. This is consistent with models for leaf area showing that the optimal strategy or the ESS of leaf area decreases with decreasing N availability (Anten, 2002; Hikosaka, 2003) .
We considered how biomechanical constraints influence optimal RPLs or ES-RPLs; when the biomechanical constraints were not considered, petiole length was proportional to the petiole mass (-BC in Table 3 ), whereas the increase in petiole length per unit increase in petiole mass diminishes when the biomechanical constraints are considered (+BC). Assuming constant deflection of petioles, petioles were thicker with increasing RPLs in +BC. Incorporating mechanical constraints tended to reduce optimal RPLs or ES-RPLs as expected (Table 3 ). In addition, the difference in the mean of optimal RPLs or ES-RPLs between +BC and -BC was larger in stand than in solitary plants. This is because the ES-RPL in stand plants was longer than the optimal petiole length in solitary plants; the influence of biomechanical constraint is relatively large in longer petioles. However, these differences were not significant, suggesting that these effects were minor in X. canadense.
Our simulation has some flaws. First, we ignored physical interference between individuals. In the simulation, lamina and petioles sometimes penetrate neighbouring plants. However, ES-RPLs were found mainly around RPL = 1.0, where such overlapping between neighbours rarely occurred. Secondly, we considered only biomass trade-off between the petiole and lamina. Plants may alter not only area and length but also their direction of leaves to maximize light capture and assimilation. In addition, our preliminary simulation suggests that internode length is also an important factor for light competition. Biomass allocation to other organs also needs to be considered (Dybzinski et al., 2011) . Thirdly, we used a static model though plant competition is a dynamic event. This is not an important problem if we see competition of fast-growing plants, where the rank of plant size in the population rarely changes after onset of competition (Nagashima, 1999) , i.e. the winner of competition is determined at a moment rather than being a dynamic process. However, dynamic features may be important for long-lived plants such as forest trees. Functional-structural plant modelling may be a powerful tool to analyse dynamic competition. Further studies are necessary to understand the importance of plant architectural traits for light competition.
In summary, our study revealed that evolutionarily stable biomass allocation between the lamina and petiole differed from the optimal allocation in solitary plants and from that in stand plants. Game theory is indispensable to understand evolutionary constraints for architecture of plants in competitive conditions. Physiological constraints for photosynthetic nitrogen use and biomechanical constraints also influenced evolutionarily stable allocation between the lamina and petiole, though the effects were minor in our study. Our simulation suggested that actual plants realized advantageous biomass allocation in the competitive condition. It was also found that some biomass allocations that differed from actual allocation were also evolutionarily stable. This suggests that no single but rather multiple architectures are evolutionarily stable in actual plant stands. Such multiple solutions may be one of the driving forces of diversity in architecture among plant species (Niklas, 1997) . Game theory is a powerful tool to understand the evolutionary background of plant functional diversity.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Methods S1: simulation of lamina length considering biomechanical constraint. Figure S1 : relationships between morphological parameters in plants grown in high-(HD plants) and low-density stands (LD plants). Figure S2 : dependence of evolutionarily stable petiole length on the difference in petiole length between the target and the neighbor. Table S1 : results of the analysis of deviance with a generalized linear mixed model for relative petiole length (RPL) in plants from the high-density stand.
